I

| L[!'flz)"

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

WARTIME REPORT

ORIGINALLY ISSUED

September 1944 as
Advance Confidential Report L4I23

SIMPLE CURVES FOR DETERMINING THE EFFECTS
OF COMPRESSIBILITY ON PRESSURE DROP THROUGH RADIATORS

By John V., Becker and Donald D. Baals

Langley Memorial Aeronautical Laboratory

Langley Fleld, Va. . K
FiLE COPY
Te be retumed B
the files of ihe Natirue.
Advisory Lomimitie:
1or Aerondwics
Washington [ &

'NACA

WASHINGTON

NACA WARTIME REPORTS are reprints of papersoriginally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

L-6







NACA ACR No. L,I23 CONFIDENTIAL

NATTONAL ADVISCRY COMMITTEE Pk ALRONAUTICS

ADVANCE CONAIDENTIAL REPORT

STWMPLE CURVES ®OR DIETERMINING THE ZFFECTS
NF COMPRESSIRBILITY ON PRESSURE DKOP THROUGH RADIATORS

By John V. Becker and Donald D. B3Baals

SULMARY

Simple curves are presented by which the basic
pressure-drop characteristics of unheated tubular
radiators can te corrected to operating conditions in
which the radiator is heated and in which the Nach number
of the tube flow is of appreciable nmagnitude. The only
data required for the use of the curves are the radiator
dimensinons, the rate of heat inoput, the pressure and
temperature ahead of the radiator, and the rate of mass
flow of air through the radiator.

The accuracy of the curves for predicting the
compressibility eflects for unheated radiators 1is
confirmed by comparison with test duta obtained from two
independent sources. An examnle of the use Hf the curves
for a typical oil-cooler installatlon is glven.

INTRODUCTION

The pressure-drop coefficient for a cold tubular
radlator, as usually determined from tests with low
airspeed in the tubes, 1s known to be subject to
correction if the radiator is operated under conditions
in which an avpreciable density decrease occurs as the
alr passes along the tube. This decrease in Jdensity may
be caused by the increase iIn absolute temperature due to
the acddition of heat, by the reduction in absolute static
pressure due to the pressure drop wlthin the tube, or by
bothi. The density decrease due to the addition of heat
is important under all ovperating conditions, but the
density decrease due to the static-oressure reduction
becomes imrortant only when the pressure drop L1s appreci-
&ble in cormparison with the absoclute static pressure -
that is, when the Mach number of the tube flow becomes
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2 CONFIDENTIAL NACA ACR No. LLI23

of appreciable magnitude (reference 1). TIn high-speed
airplanes, neglect of the Mach number effect will result
in sizable underestimation of the nressure drop reguired
to induce the necessary cooling-air flow.

A number of investigators have demonstrated that
comnressibility has no appreciable effect on the heat-
transfer coefficient. The temperature difference on
which the heat-transfer calculations at high Mach numbers
must be based, however, is the difference between the
wall temperature and the stagnation tempverature of the
cooling air rather than the true temperature of the
cooling air. (See reference 2.) Test data on the heat-
transfer characteristics obtained at any test Mach number
may thus be used to determine the mass flow required for
cooling for the design condition. 1In the present report
the mass flow is assumed to have been so determined '
and the report is ccncerned only wilth the determination
of the vressure drop necessary to induce the reguired
mass flow,

The purnose of the present paper is to present
curves from which the basic oressure-drop characteristics
of cold radiators can be corrected to operating conditions
in which the radiator is heated and the Mach number of
the tube flow is of appreciable magnitude. The only
requirement for the use of the curves is knowledge of
the radiator dimensions, the rate at which heat is to be
dissipated, the pressure and temperature ahead of the
radiator, and the rate of mass flow of air through the
radiator. The curves are constructed for a Mach number
range from zero to the maximum attainable Mach number
corresponding to existence of sonic velocity at the
exits of the tubes.

A knowledge of the theory by which the curves are
derived 1s not essential to their use. ZFor the sake of
completeness, however, this theory is briefly reviewed
herein. For the convenience of the reader, the report
1{s presented under three main headings. The theory 1s
found in the section entitled "Analysis." The validity
of the theory and the accuracy of the curves is confirmed
by comparison with experimental data obtalned rrom
references 3 and L in the section entitled "Comparlson
of Theoretical Results with Experimental Data." The use
of the curves is illustrated by a tyoical example in the
section entitled “Example of Use of Curves."
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Ap

SYMBOLS
cross-cectional area of duct or radiator tube,
square feet
velocity of sound in air, feet per second

skin-friction coefficient (Df/QPZS)
AN 4

mean skin-friction drag coefficient of radiator
tube (Df/qrzAra)

specific heat at constant pressure (for air,
0.2lL Btu/1b/°0%)

drag force cdue to skin friction in a radiator
tube

radiastor-tube diameter, feet

acceleration of gravity, feet per second per
second

heat added in radiator, Btu ner second
total pressure, pounds per sgquare foot
total-pressure loss, pounds per square foot
rédiator-tube length, feet

Mach number (v/a)

mass-flow rate, slugs per second

mass-flow rate at which sonic velocity is attained

at tube entrance (g = q)

static pressure, pounds per square foot
static-pressure decrease, pounds ver sguare foot

dynamic pressure, vounds ver square foot (%pv%>
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R Reynolds nuznber (pvd or _mg_\
& b arph )
S area of inside surface of radiator tube, square
feet
T air temperature, C©F absolute
AT air temperature rise, OF
v velocity in radiator tube or in duct, feet per
second
P density, slugs per cubic foot »
- . / r,:2 P»‘L‘, I\qé
Fa compressibility factor 1 + % 4 e e L
I Lo 1600
o viscosity of air, nound-seconds per square foot
Subscrints (see fig. 1):
2 station in duct ahead oI radiator
2 station in duct behind radiator
f friction compnonent
1 low sneed, incompressible-flow conditlon
rp within radiator at tube c¢ntrances
rz within radiator at tube exits

ANALYSIS

Derivation of Eguation Relating Pressure Drovos for
Corpressible and Tncompressible low

For the purnose of the pnresent analysls the pressure
drop across the radlator is taken as the difference
between the total pressure at a statlon just ahead of
the front face of the radiatcr anc the static pressure
at the tube exits. A diagram of the flow system across
the radiator is shown in figure 1. The station desig-
nations used in tuis figure were taken from reference 1.
The pressure drop across the radiator for this system 1s
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defined by the equation

Tt will bhe shown subsequently herein that the results of
the an-lwcis oon Do avplied to other definitions of the
IR LT T IR G BT ha 1y - - h - h .
pregeare tron, suen as Da pa, [o)e] Drz ’ or 2 5
The orersure Grop can be conveniently divided into
two cowroinlor  the pressure drop due to acceleration
of the «.r into the tube entrance and the pressure drop
within the tupz dvs to friction and momentum change.
From equation 1% of relerence 1, Ap may be expressed as
the sum cof these two componentss

M" | e 45 K
| .} L, IDf T2
bo = larp fep, * Eii S\ (1)

This equation can be evaluated with the aid of data given
in references 1 and 5, but the orocess i1s not simple. The
problem can be simpnlified by assuming that the pressure
drop for c¢»nld incompressible-flow conditions, herein
designated 4ap;, 1s known from basic test data for the
radiator. The value of Avn  for operating conditions

can then be obtalned 1f the ratio Ap/Api is evaluated.

“rom equation (1), for the incomnressible unheated

\
condition \\ =1, Ezé = 1.0), the calculated value of

1"3 /
Apy 1s simoly /- s
/ De,
ADi = qrz + qrd (a;zx};g (2)
\
Yore specificall since =1 m in incom-
/! ne > Y, ] qrz -2—:)—2- AI“2) :
De
1
ressible f1 d if ——— 18 replaced b
press e oW an Troars eplac y CDfi’

1 m
Dy T = +
Aoy 5os <AI‘2 <l Cor > (2a)
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An approximate apolication of equation (2&) that 1s
in general use for estimating radiator pressure drops for
conditions other thian the test condition 1is

p .
A = A atest
B = BPiest 25

The "test" ovressure drop is measured with the mass flow m
required f{or the design heat dissipation. This formvla
obviously neglects both Reynolds number effects (changes
in CDfi) and compressibllity effects, both of which are

too large to> be neglected in many present-day applications.

It is convenient at this point to list the equations
for evaluating Av: for all usable definitions of the
radiator pressure drop. Froan eguation (&) or (Z2a),

hy - pr
— =1+ Cpe, (2b)
qI‘2 . 4“1

2
Ara
Similarly, since n, = hpy - qp and gp = Aro \Z5 /) »

=
{ "'i,.“"'"”'"é = l + CD\ - K ] \ (ZC)
N e/, o \e2/

[Po - 05\

In order to evsluate \\bq ) an assumption must be
1'2 ]

made as to the loecation of station 5. Tt is assumed that

this station is far enough behind the radiator for the

velocity distribution acrocs cthe duct to be uniform. Then,

from equation 12 of reference 1, tor incompressible flow,

(p3 - PPB\) : 3

i
i :
1, ' W
\ rs / ‘ 3 'Sy !
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whence,
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The solutlon for inconpressipble flow,

h)-h\
is uced to evaluate ) by use of egquation (24) as

, /A 2
(’ ha - h} : q’*l”a { rd\ .
BT R T vl e (<€)
N T2 /s 1 3 "z

As dlscussed In reference 1, the guantity Dfi/qraar0

or Cp. is a cdrag coefflcient. The value of this basic
£
i
friction factor depends on the skin-friction coefficient
and on the tube length-diameter ratioc. Prom the definition
of c¢p,

De

oo =L (L)
Dfi qr2“r2 \d

el

The skin-friction coefficient cy for a given tube

devends only on the Reynolds number (references 2 and L.
The addition of heat within a tube has little c¢ffect on

the local Reynolds number because the gquantity pv remains
constent along the tube and, in usual cases, there is
1ittle change in viscosity. FRigure 2, which is based on
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the relations presented in reference 5, allows c¢
and  Cpr, to be obtalned for any tube L/4 ratlo for a

wicde range of Reynolds number or mass-flow rate. as
indicated in lfigure 2, the Keynolds number may Le
gviiuvated directly from the mass-flow rate, the area, and
the viscosity. For usual applications the viscosity at
station 2 may be used instead of the viscosity at

station ro with negligible error in the resulting
pressure-drop evaluation.

The ratlio of equation (1) to equation (2) can be
expressed as

80/4r- P Cpw Pr i
e = I (EDI Con +2(—= -1
(Ap/ql?) . 1 + 7 i r \(,Dfi “f Pr5

b /1 . -

L

o

Now
1 " \
':.‘I“,' pj 2 Ar 2
r,, 1m0\
T 20 (K;E)

\

From reference 1, if dp is small in compariscon with Apos

Therefore,

; v 2.5
A (l ¥ D'aMFEZB Lw N ?Df \ c + 2 bro f
ADy - 1+ CDfi “erp CD;{“; Dr PPB ) (2)

Evaluation of Equation (3)

The method of evaluuation of the terms in eguation (3)
for any combination of the known conditions ahead of the
radiator, the mass-flow rate, and the heat-innut rate will
now be discussed,

CONFIDENTIAL
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The Nach number &t the tube entrance Mra, which

appears in equation (3}, devends only on the xnown mass-
flow rate, the known temnerature and pressure at
station 2, and the leak area through the radiator. From
flzure 3, Mr, can be obtained directly for any

combination of these basic conditions.

The terms Cpp, Cpp ., &and §£p,/Pr; 1in eguation (3)
£ 1 2 )
are interdenendent. The friction drag coefficient CDf
for the actual operating condition is grester than CDfi’

except when the tube flow is cooled appreciably, as in
the cas¢ of charge-air flow through intercoolers. The
ratio Cpp/Cpp, 1s devendent on the values of Mr,

and pra/pPB. These values govern the increuse in dynamic

pressurc along the tube and hence determine the drag
force due to skin friction Df under actual operating
conditions. Tn reference 1, an approximate empirical
‘relation was assumed, as follows:

This relation has heen found to be lnaccurate except
for values of prz/pr5 near unity. An exact evaluation

of ch/ch1 has been made for unheated tubes with

the aid of reference 6. Equation 12 of reference &

gives the following relation between CDr. s Mrs,
and Prz/PrB, obtained from a solution of the differential

CONFIDENTTIAL
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egquation of the unheated flow through a constant-area
tube:

. f) X
. / PpC /P
1 5 / rz 6 1"5)
Cn. = = (1 + - 1 - < + =log. L —= (L)
T <~ Mr2%> KPPZ): 7ke \Prz

From equation (10) of reference 1 the corresponding
relation for CDf, based on considerations of continuity

and of momentum and energy changes between the entrance
and exit of the tube, 1s

,
Pra 2 Pro Pro (Pry
'p——'— 1 - O.zplra i- o + /OZ)‘—‘ -p——-..
op. = —3 T3 T3 N3 /]
f -
22
O.?I\r_rz E‘l:'g

The ratin of equation (5) to eguation (L) has been
evaluated for the complete range of density-ratio values
corresponding to a number of constant values of Mra

and the results are plotted in figure L.

The vrocedure then uscd in the evaluation of Cr
¥ D
snd F)lpa/;:»r5 with the aid of figure L., for given values

of CDf and er, was as follows:
1

(1) on the assumption that Cpp = Cop, s equation 5
i
was used to obtaln an avproximate value of prZ/pPB'
Figure 5{a) of reference 1 is a solutlion of ejuation H.

CONFIDENTTIAL



NACA ACR No. T.L12% CONFIDENTIAL 11

(2) With this value of Prp/Prs, CDf/CDfi was

determined from figure L, and a second approximation
for Cp, was thus obtained.

(3) This more exact value of CDf was used and

the procedure was repeated to obtain a third approximation
!
for CDf and pr2/9r5-

The values detsermined from the third approximation
were generally found tec have the desired accuracy.

For unheated tubes 8all the gquantities involved in

the pressure-drop ratio (equation (3)) have been shown
to be functions of only the two fundamental variables CDf
i

and Ypse The varlable CDri depends on the tube

dimensions and Reynolds number, and the variable Ny,
c

derends on the mass flow and state of the air ahead of
the radiator. Both variables can be simply evaluated

for a given installation, as previously explained, for
the particular design conditions under conslderation.
Equation % has been evaluated for a range of these
parameters and the results are oplotted in figure 5.

. Figure 5(a) shows the pressure-drop ratio plotted against

for unheated radiator tubes of various CDfi values,

When heat is added to the tubes, the density ratio
prz/pr3 is Increased and the drag coefficient CDf is

correspondingly increased for a given mass flow. 1In the
evaluation of Cpf for the heated condition, the

ratio Cpe/Cp, ~ from figure L. was assumed to be the

i _ L

same, at a glven Pra/pr3 and Mrg, as for the unheated

condition for which figzure li is exact. This assumption
is belleved justified rfor practical purposes. If heat
were added uniformly at low spe=d, linear rsduction in
density due to heating would occur along the tube. For

a given value of pr2/pr5, the ratio CDf/CDfi would be

greater for a heated tube than for an unheated tube
because of the nonlinearity of the density variation for

CONFIDENTIAL
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the unheated tube at the higher Mach number at which the
unheated tube would have to operate to give the same
pp2/9r5 value as the heated tube. Results based on the

assunmption that the drag-coefficient ratio is the same

for heated or unheated flow will thus tend to underestimate
the required pressure drop when heat 1s added. The

probable error will be seen to be small for usual

operating conditions because the oressure-drop ratio Ap/Ani

fs not critically dependent on the value of CDf for

these conditions. The tube Mach number for these conditlons
is generally well below the critical, and the density
variation along unheated tubes then apprecaches linearity.
The assumpntion made in calculating Cpp for the heated

condition would therefore not be expected to result in
appreciable error when the entrance Mach number is well
below the critical.

The relationship among Cpf, MNrp, and prz/pp5
for heated tubes is given in figure 5 of reference 1 for
constant values of the heat-input parameter ———ﬁf-—.
cpgnlry
This figure was used with flgure i as described for the
unheated condition to obtain corresvonding values of CDfi,

H
cpgmlr,’
Values of Ap/Apiy were then comnuted from egusation 2 and
are shown in figures 5(b) to 5(g). Each part of figure 5
corresponds to a constant value of . As discussed

Cpps and prz/pr5 for constant values of

cpgnTrp
in reference 1, for the incompressible condition,

H AT
cpgmTrp Ty,

Interpolation will be required to determine Ap/tpy for

values of the heat-input parameter intermediate to those
for which the curves were derived. The heat-input
parameter may be evaluated from the following relation
derived »n the assumption that vz is small in comparison
with Vrs:

s ‘ N
S : SR . 2
SoBnTrs - 0.1293 | 575 <é + O.ZMra') (6)

CONFIDENTIAL
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The results shown in figure 5 indicate that appreclable
compressivility effects on the radlator pressure 4drop
exist even at relatively low entrance Nach numbers,
particularly for tubes of large values of L/d (large
values of CDfi) and for installations in which

high retass of heating are used. The limiting values
shown on the curves correspond to the attainment of sonic
velocity at the tube exits. No increase in mass flow
through the tubes can be effected by lowering the exit
nressure below the linriting value corresponding to sonic
exit velocity. 7Tt 1s interesting to note that this
limiting condition occurs at Mp, = 0.48 for an unheated

radiator tube of CDfi = 1.2 (fig. 5(a)), which corresponds

to a 0.196-inch diameter tube with a tynical value of L/d
of about 60 for standard conditions ahead of the radi-
ator (tig. 2).

The curves of figures 5(b) to 5(g) include the
effects of both heating and Mach number; that is, the
figurec as given show the net effect of compressivbllity
(density change) on the pressure drop. If zeparution of
the two effects 1s desired, the Mach number effect alone
can be determined from figure 5(a) for comparison with
the net effect for the heated condition.

General Avplication of Eguation (3)

Test data for radigtors sre treguently given in
terms of P> = Pz, Do - Dp%, or hp - h5, rather than
2 2 Pr2 2

in terms of h» - which was used in the present
2 pI‘B! J¢

analysis. The absolute values of the pressure drop vary,
depending on the definition, by 5 to 15 perccent in usual
cases, The ratio Ap/Ln;, however, can readily be shown
to be essentially the same fror all the definitions of the
nressure dron. rfigure 5 may therefore be used to evaluate
the comoressibility effects for other radiator pressure-
drop definitions as well as for hy - v, .

2

Once the ratio 4o/fp;y 1is obtained from figure 5
__H__
cpgmTyp,,”’

the pressure drop for compressible flow may be obtained

for the design values of CDfi’ Mpp, and

CONPIDENTTAL
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from en eveluation of the prassurs dren for incempressible
flow. @r this purncse, usec of test datu for the unheated
radiator obtained with woderate ratus of eir [low (low
Vach numbers) is senerally desirable., Tnis value of the
pressurc ¢rop ie then correctea to the decsign mass-Llow
and Reynolds nurber condlitions in the usval aanner without
allowance for comprecsihility effects. VWith Ap; so©
determined, the correct pressure drop is computed from

if AP .
An = -*-t--) ADs (7)

‘:,“1 a
COMTARISNN 2@ THTORETICAL RESULTS WITH EXPERIMENTAL DATA

4 lirited amount of test data on the vrescure Arop
in unheated *ubes at Mach numbers up to the critircal
1s avallable from references 7 and L. Sinilar Jdata for
heated tubes are not availadle. The available data will
be analvzed and put into such form that direct comparison
can be made with the theoretical results shown by the
curves ol figure 5(a).

Exverimertal data from reference 3.- Reference 3
presents prescure-arcp data Lor cylindrical tubes of
circular section with rounded entries. alr was admitted
from & largze reservolr at atmospheric pressure. The
pressurc at the exit was progressively recduced until the
limiting flow conditisn was attained. The measured mass-
flow rate was exvressed nondimensionally as m/mgp. This
term is the ratio of the actual mass flow through the tube
to the mass flow that would exist it sonic velcclity were
attained at the tuhe entrance. Thls parameter may be
expressed in terms of the entrance lMach number as

Pressure data from reference 3 for 20-millimeter-diameter
tubes with L/d = 10 and L/d = 60 are given in table I,

Values of Mra corresnonding to equally spaced values.of ﬁg"
cr
for which the pressure data were tuken from reference 3,

CONFIDENTIAL
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are listed as columm 2 ni table T. The maximum values of
m/mep and VMp, shown in table I were the highest that

could be attained in the tests regardless of the outlet
pressure and represent the condition at which sonic
velocity was reached at the tube exits.

In computing the vulues of Ap/Ap; from the experi-
mental data, equation 2(&) was used; that is

. 2
Ap.«x~ma<L —E—X

and, since Dy, was a constant in the tests of reference 3,

4D

K &5

An P2

i (nfmgr)?

The experimental values of columns (1) and (3) were used
to determine the value in column (L) of table I. The value
of ¥ was then chosen to make the experimental value

of Ap/Avp; at the lowest test speed (Mra = O.2A0> agree

with the theoretical value obtained from figure 5(a) for
this low speed. The resulting experimentsal values
of Ap/Api are shown in column 5. The theoretical values

of Ap/Api shown in column 7 for comparison with these

experimental results were taken from figure 5(a) for the
values of Mrz of column 2 and for values of CDf.
i

computed from figure 2 for 20-millimeter-diameter tubes
with L/d = 10 and L/d = 60. Standard atmosnheric
entrance conditlons and mass-flow values corresponding

to mjmgy are assumed. The results shown in colunns 5

and 7 are plotted against Mp, in figure 6.

The agreement between the pressure-drov ratios for
the theory presented and for experiment will be seen to
be unusually close. The limiting flow condition, in
which sonic velocity was attained at the tube exits, was
also accurately vpredicted by the theory.

CONFIDENTIAL
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Experimental dats from reference li.- The data given

1n refercnce |, were obtained with a cylindrical pipe

275 inches in cdiameter and ten feet long. Extremely
hl”h pressure drops were required to induce high-speed
fl5w through the tube because of its unusually high L/d
ratio of 320. TInlet nressures of several atmosnhercs
were used. The tests consisted of measurements of
vressure distribution along the pinc for four combinations
of inlet pressure and cutlet pressure. The results of
the tests were analyzed in reference l. to determine values
of the effective friction coefficisnt cp. The value
of c¢f was found to be independent of the Mach number
and to denend on only the Feynolds number, as assumed Iin
the present report; furthermnre, the values of Reynolds
number and c¢& were virtually the same at all stations
along the tube, as was assumed In the present analysis.
Values of CDfi from the test data agreed with

theoretical values from figure 2 to within L percent.
In evaluating experimental values of the over-all
pressure-droo ratio  4p/4py, AD;  vas calculated from

equation (2a) as

m L
A‘Qi (cr_)’)) \/“—1"—5) i1+ ACfQ>

The basic data required for evalunation of Aoi from
this form of eguation (2) are listed in reference 3.
The over-all »ressure dror Ap and the Mach number MP2

were obtained directly from tabulations of the pressures
and the Mach number in reference 3. 4 compeariscon of the
test values of An/Apgy with theoretical values taken
from figure 5(a) is shown in the following table:

Exnerimental ; Theoretical
T g‘ . : ;

P2 v | Opry io E: ap_
(1b/sq ft)i 2 | (1v/sq ft)‘ Ly APy
e - - ‘ }

L,lqb 10.270 | E.Bu 2,07 L1447 1.51

7,b22 1 308 4 Lol 5,L1L p 82,02 | 82,09

16,179 © .%27 L1310 11,891 &2.18 | 82,11
17, oo7 I .297 ¢ L.12 7,555 1.51 1.5L9

aSonlc velocity attained at tube exit.
CONFIDENTIAL
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Good agreement between theory and experinment 1s shown.
The accuracy of the theoretical curves of figure 5 has
been verified for the conditions of extremely high inlet
pressures, as well as for the more usual conditions
(atmospheric inlet pressure) existing for the tests of
reference 3, which are siown in table I and figure 6.

A3 a matter of further interest, a check on the
validity of the present theory may be made by computing
the pressure distribution along the tube and comparing
the results with the experimental data. These calculations
were made by use of the present theoretical method, in
w#hich the pressure droos were comnuted for tubes of the
same diameter (3/8 inch) as the test model but of lengths
varying from 1 to 10 feet. The computed pressure drop
for a tube 3 feet long, for example, was compared with the
measured pressure drop Ifrom the tube entrance to the
3-foot statlon. The theoretical pressures obtained from
these computations are compared with experimental values
in figure 7. Reasonably good agreement will be noted for
all four test conditions.

A orincinal ussumption of the present theory was
that the velocity profile across the tube section was
uniform at all stations along the tube. The results of
the comoarisons in table I and in figures 6 and 7 indicate
this assumntion to be fully justified. 1In the analysis
of reference 7, in which account was taken of the
velocity-profile shape, a similar conclusion was obtained
theoretically.

EXAMPLE OF USE OF CURVES

The use of the curves will be illustrated by
calculating the pressure dron for an oil radiator for
typlcal operating conditions. The dimensions of the
radiator are as follows:

Diameter, inches . . . . . . . . . . . . v o v . . 12
Duct diameter, inches . . . . . . . . .+ + « « . . 12
Tube length, inches ., . . . . . . . . . . .« . . . 12
Tube diameter (inside), inches . . ., . . . . . . . 0.196
Tube diameter (outside), inches . . . . . . . . . 0.210
Number of tudbes . . ., . . . . . . . . ... ... 190
Free-flow area, hpo, square fect . . . ., . . ., . 0.397
Duct area, Ap and Af’ square feet . . . , . ., 0.785
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Rasic radiator performence data.- Performance data
for the radiator are shown in figure 8 in the form that
is most generally used. The air pressure-drop cata given
in curves of this type are frequently of limited value
because the pressure drop is not adeguately defined and
becsuse the test conditions under which 1t was measured
are not stated. 4as previocusly discuscsed, the pressure
drop may be measured by any onc of at least four methods.
Tt is obviously necessary to state which method was used.
Pressure-drop data for the unheated radiator are valuable
because they can be conveniently corrected to actual
overating conditions by analytical means. Data for a
specific heated condition are inconvenient to use because
they must first be corrected to the unheated condition.
Thz very wide variation of the heat-input parameter
encountered in actual installations makes 1t unlikely
that the test values of this paramcter will coincide with
the required design values.

Assumed operating conditions.- The following assumed
operating conaitions &uply to a tynical oll-cooler
instellation in an airnlaone flying in stuandard sea-level
air =t a speed of the order of L0OO miles per hour:

Air temperature at station 2, °F . . . . . . . 38
Air prescure at station £, 0p,
nounds per square foot,absolute . . . . . . 2554

Air cdensity at station 2, pp,
slugs per cubic foot . . . . . . . . . . . . 0.,0C272

Averase o1l temperature, °F . . . . . . . . .. 200
nil flow, vnounds ner minute . . . « « + . . 120
Heat rejection, H, 3tu ver second . . . .+ . . . 5

The heat rejected per minute per hundred degrees
temperature difference between the oil and the inlet-air
stagnation temperature 1is

) x 75 X ]
602007: BSIOL = 1,020 Btu per minute oer 100°0%

With this value, the welght flow of air required ls found
in figure 8 to be 162 pounds ner minute. The mass flow
is

lé2

£0 X 32.2

= 0.23%3G slugs ver second
CONFIDENTTAL
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The rejuired mass flow will deviate oligbtly from this
value i7 tre tube Reynolds nwiber varles from the test
coniitions of figure 8. On bthe basis of the pro-
portionaiity relationship bevween the heat- transfer and
skin-friction coefficients, the change in skin-frictlon
coefficient with Reynolds nwaber (fig. 2) may be used to
estimate the corre spondlu& change Irn neat- tr;nofrr
coaflicient and hence to determ:iine the change in mass
flow required. Thils effect is wsuc“Ty s‘ight and, since
only tl“ mass-flow determination is involved, 1s C“lSi dered
to ne outsids the scope ol th2 prosent report and will
be neclected,

Calculation of friction drag coefficlent, CDf .-

The tube eynolds number is

.-.‘xp?—p
mzen 2196
- 0.259 X —3%

0.397 x 3890 x 10-1°

i

25,300

From ”1“u”o 2, Tfor this value of Reynolds number and for
L/\l = 4 -02,

cp = 0,0057

and

ch I x 61l.2 % 0.,0057

1

1.);0

Calculation of Mach number.- The use of the curvces
of firvrs 5 requires the slach number Nr? at the tube

ctly in terms of the

$da

entrance, TFigure 3 gives Mrg ¢

known flow conditions shead of the radiator; thus,
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m_ 0.5 ,
mIpvt? 5,029
0

—— i s ————

i

arslo

= 0.058)

With this value, the Mach nunber 1s found from flgure 3
to be

Mp. = 0.138

Calculation of heat-inpubt parameter.- The rate of
heat Tnput is srecilfied on the curves of figure 5 by the
nondimensional parameter h/cnngra. This quantity is

evaluated from equation (6) as

- / - N\ -}
q [ 75 >
coaiTr, - 01292 \57Z25 x 53 E + 0.2(0.198) J

0.074L

H

Comnresslbllity effect.- The pressure-drop ratio
tp /Aoy Ls taken from figure 5 for Cpp, = 1.L.0,
Mpr, = 0.198, &nd —E = 0.074. 1Interpolation between
2 CnemT
P re
the curves of figure 5(b) and figure 5(c) is necessary
because the heat-input narsmeter is intermediate between
the values for these two perts of figure 5. The pressure-
ratio value obtained 1is

& - 1.1
lyel} = 1.17

For this case, the effect of comoressibility is to
increase the ovressure drop 17 vercent above the value
for incompressible flow. In order to compute the actual
pressure drop A4v, Ap; must first be obtained.

Calculation of Anj.- The basic incompressible-flow

value of the opressure drop can be obtained from low-speed
test data or from calculations based on the radiator-tube
friction coefficients shown in figure 2. The method
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NACA ACR No. LLT23 CONFIDENTIAL 21

involving the theoretical calculetions requires the use
of equastinn (2d4) because the test vressure-dron data for
the present example 1s in terms of pp - Pz . From
Aro
equation (2d), therefore, since Ap = Az and —= = 0.506,
2

/ AD> (ﬁz - Pz)
a5 ) -\ ar
(\rg i T2 i

1 + 1.0 - (0.506)

by
<

2

- 210.506 - (0.506)
L -
= 1.64
Thls computed value of AD: /Qw, will now be comrared with
4 LL_ -
the value nbtained from the test data of figure 8.
For o pressure drop of 5§ inches of water, the flow
may safe2ly ke considered incompressible. At this test

condition the weight flow is 197 pounds ner minute,
Therefors,

_ 197

32,2 X 00

= 0.102 slugs per second

and, lor incompressible [low,

s ) = L ._zz.f
(\r%/i 2P \Ar,

_ 1 70.102
T 2(0.002378) \U.297

H
b
N
e

whence, for m = 0,102,

1.87
CONFIDENTIAL
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This value is greater than the previously calculated
value for m = 0.239 Dbecause of the lower tube Reynolds
nunber at Ap = 5 inches of water (m = 0.102). The
Reynolds number for this low mass flow 1is

R = -
AppoH
0.196
0.102 x 1o

0.397 x 3950 x 1070

1

10,600

The value of the tube friction-drag coefficient for this
mass flow is, from figure 2,

\ _Lox 12 x 0.0068
<%Df%)m - 0.102  9-19¢0

= 1.566

The value of CDfi for the design condition has

been previously comnuted as 1.,0. The correction to be
anpolied to the low-speed test value of the pressure drop
(see equation (2)) is qr2(1.66 - 1.L0); therefore,

<§3— = 1.87 - (1.66 - 1.40)
rp /.
= 1.61

This result, based on the test data, compares very
satisfactorily with the value 1.6l previously computed
from equation (2b) and equation (7).

The value of Ap; [for the design condition is

apy = 1.64 (arp),
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: N2
L= . t h¢ ”m
ap; = 1.6l x 20 *rg)
- 239
= 1.6L x 557 00479 (é 257,

1

110 vpounds per square foot
Calculation of An.- The value of the pressure drop

corrected for covnressibility is, finally,

Ap
ER = Tpp X s
= 1.17 x 110

= 129 pounds per

fect.- The
nie for
f'or

Altituue ;¢A
illustrativy exa.
have been rcereated
[ 30,000 fe=t.
flow, o1l temverature, and airplane
for both cases The results
are compared in the following table:

sauare foot

calculatinne made in the
stanaard qu—lexnl condltions
standard conditions at an altitude
The sume neat rejection,
speecd

rate of oill
were assumed
obtained in the two cases

i

Yoy arm b by i Sea 40,000
duantlty ' level feet
Alr temperature, tp, OF 88 -19
Alr pressure, p», 1b/sq ft 2540 795
air density, pp, slugs/cu ft 0.00270 0.00105
Heat rejection, 3tu/min/100°F 1020 2055
Mass [low, >1ups/°ec 0.239 0.070
Reynolds number 25,300 8720
Friction cocfficlent, Cpp, 1.40 1.72
Kach number, Wpo 0.198 0.165
Heat-invut factor, H/cngmTro 0.07L 0.31l
Pressure drop with compressibility
neglected, Ani, 1b/sq ft 110 29
Pressure drop corrected for com-
pressitility, Ap, 1b/sg ft 129 L1
Comvnressibility correction,
nercent  Ang 17 L1
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The comoressibility effect is shown to Increase
from 17 percent at sea level to 41 percent at 20,000 feet
for the tyoical »il-radiator installation assumed in the
example. It is of interest to note that the oll-cooler
tube Mach number is somewhat less at altitude than at
sea level. A very large increase in the heat-input
parameter occurs, however, because of the decrease in
mass flow required and the heatlng effect therefore
becomes very large.

Other tyves of cooler installation frequently reguire
an increasing value or Ny, with gltitude. In the case
of etnylene-glycol radiators, for example, the Mach number
effect generally becomes very large at altitude and, in
many cases, makes 1t imrossible to obtain adequate
cooling-air rlow.

Summary of method.- The stens required in the use
of ths curves ol figure 5 to cbtain the corrected value
of the oressure dron are summarized as follows:

(1) Determine the vressure, temperature, and density
of the air shead of the radiator and the heat to be
diessinated.

(2) Obtain the required mass flow of cooling air
from the usual heat-dissipation data [or the rsdiator.

(%) Compute the Revnolds number of the tube flow
and obtain the friction drag factor CDfi from figure 2.

() Obtain the Mach number of the tube flow MNrp
from rigure 2.

(5) Evaluate the heat-innut ractor H/cpgmTry by
equation (5).

(4) From figure § with these values of CDpy. HMrp,

and H/cpgnTrp, obtain the pressure-drop ratio Ap/4pg.

(7) Comnute Apj from equations (2) or obtain 1t
from low-speed test data corrected to the design
Reynolds numbper.

(8) Evaluate Ap by multinlying £4py by the
pressure-drop ratio Ap/Ap;.
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CONCLUESIONS

Simrle curves are rresented by which the basic
nressure-dron characteristics of unheated tubular
radiators can be corrected to operating conditions in
which the radiatnr 1s heated and in which the Mach number
of the tube flow i1s of appreciable magnitude. The
following conclusions are indicated:

1. The accuracy of the simnle method presented for
evaluating the compressitility effects is verified for
unheated tubes for the comnlete range of atteinable flow
(tube exit Mach numbers frow O to 1.0) by experimental
data from two sources.

2. The effects of compressibllity (density chiange)
on the rressvre drov required to provide a given mass flow
of cooling alr through a btubular radiater arc shown to
be of avprecieble magnitude vnder wresent-day operating
conditions., Calzoulatlors Tor a ¢rpical cil-conler
instaligtinn indlcated Lhat the cownressibllity effect
increased tiue orossure Croo Ly 17 rercent at sea level
and py L1 nercent at ar altitude of 37,000 f'eet.

Langley Kemorlsl Aeronautical Laboratory
Netionel Advisory Committec for aeronautics
Lungley Pield, Va.
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TABLE I
ANALYSIS OF DATA FOR 20-MILLIMETER-DIAMETER

TUBES FROM REFERENCE 3

}
Experimental i Theoretical
| Ap

_m_ ¥r, &p P2 bp | CPry | oap

Mcp j2P) (m/mcr)2 4yeF] Ap

L/d = 10

0.Lo | 0.240 0.050 0.312 1.05 0.171 1.05
45 273 .065 .320 1.08 166 1.07
.50 L2307 .030 .320 1.08 .161 1.09
.55 o b 100 531 1.11 .158 1.11
.50 ires .120 .32 1.12 .15L 1.1k
.65 18 .145 .5ﬂu 1.16 .151 1.17
.70 158 175 .357 1.20 .148 1.22
.75 .502 .210 .37% 1.26 L1046 1.27
.20 .553 .255 . 99 1.3 .1&5 1.3l
.85 .610 .315 . 1.7 41 1 1.1g
.50 678 ;00 . 5 1.6 .1%9 1.65

a,93 .728 550 i 6Z 82,16 i -138 2.01

L/d = 60 !
]

0.40 0.240 0.085 | 0.530 1.10 1.026 | . 1.10
45 .275% .110 5013 1.12 .996 1.1%
.50 .307 .10 .560 1.17 .66 1.17
.55 342 .175 .578 1.20 948 1.22
.60 .378 .220 612 1.27 .92 1.28
.65 18 .275 -650 l'ﬁS .90 1.36
.70 158 0 .69 1.45 .888 1.47
.75 .502 é 81 1.70 876 1.73

a,77 522 | 1.062 22,22 .870 a2,20

83onic velocity attained at tube exit.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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